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Materials exhibiting a gradient in permittivity are synthesized through the application of an external
magnetic field to a suspension of Fe304@TiO, nanoparticles in an epoxy matrix. It is shown how the
application of the magnetic field not only induces the magnetophoretic motion of the particles, but
causes also their alignment in high aspect ratio structures. The combination of these two effects gives rise
to graded nanocomposites exhibiting gradients in permittivity that go beyond the ones predicted for

nanocomposites with homogeneously distributed and isotropic inclusions. Moreover, it is demonstrated
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through numerical simulations how such nanocomposites, employed as electrical insulators, can effi-
ciently reduce the electrical field stress at the interface between the electrode and the insulator, being
therefore suitable candidates as long-lasting high-voltage dielectrics.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

For size reduction and enhanced reliability of electric power
equipment, the electric field stress around solid insulators must be
considered [1]. In the case of high-voltage insulators, the insulation
performance around the insulator is improved by various tech-
niques, such as controlling the insulator shape, adding shield
electrodes for electric field relaxation, or through the introduction
of an embedded electrode [2]. However, these electric field man-
agement techniques lead to complicated equipment structures and
increased manufacturing cost. Thus, new concepts for solid in-
sulators emerge, which are should in principle overcome the
drawbacks associated with complex configurations. Kurimoto et al.
[2,3] investigated the applicability of functionally graded materials
(FGM) with spatial distribution of dielectric permittivity e (e-FGM)
to reduce electric stresses on the electrode surface in contact with
solid insulating materials. Such stresses are among the key factors,
which control the long-term performance of high-voltage in-
sulators. Their results show that the lifetime of ¢-FGM insulators
based on epoxy and graded concentrations of TiO, and Al,03 was
up to 8.2 times higher than that of a homogeneous insulator. Pre-
vious work already showed how polymer composite FGM were
efficiently synthesized through the application of an external
magnetic field to a suspension of magnetic nanoparticles in a
polymer matrix, prior to polymerization [4—6]. This synthetic
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strategy is employed in this work in order to create FGM exhibiting
gradients in electrical permittivity.

First, we synthesized Fe304@TiO, nanoparticles (NP) with an
amorphous TiO, shell and we increased their permittivity by
inducing the partial crystallization of the shell through a calcina-
tion step. Hence, we created graded permittivity nanocomposites
through the magnetophorese of high dielectric constant and
magnetic Fe304@TiO, NP in a low-viscosity epoxy matrix. Experi-
mental characterizations and numerical simulations demonstrated
how such nanocomposites have the potential to efficiently reduce
the electrical field stress at the electrode-insulator interface and
deserve good attention for applications as long-lasting high-voltage
electrical insulators.

2. Experimental

Materials: Titanium(IV) chloride (99.9%) was purchased from
Acros. Hydrogen peroxide (30%) was purchased from Reactolab SA.
The epoxy resin DER 321 was purchased from Dow whereas the
hardener diethylenetriamine was purchased from Aldrich.
Ammonia solution (25% min) was purchased from VWR. All prod-
ucts were used as received without any further purification.

Synthesis of Fe304@TiO, core—shell nanoparticles: To synthesize
the Fe304 cores, the synthetic procedure reported by Bumb et al.
was followed [7]. Briefly, FeCl3-6H,0 (8 mmol) and FeCl,-4H,0
(4 mmol) were dissolved in deionized water (190 ml) at room
temperature by magnetic stirring in a beaker. Under conditions of
vigorous stirring, 25% NH3 (10 ml) was poured down the vortex of
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Fig. 1. TEM images of individual Fe304@TiO, nanoparticles with arrows pointing to several Fe;04 cores before (a) and after (b) the calcination step (450 °C for 6 h), FTIR spectra of
the nanoparticles before (red) and after (green) the calcination step (c) and room temperature magnetization curves of bare magnetite nanoparticles and Fe30,@TiO, nanoparticles
before and after the calcination step (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the iron solution. Immediately, magnetite formed a black precipi-
tate. After stirring for 10 min, the particles were centrifuged and
dispersed in of deionized water (50 ml). The as synthesized Fe304
NP were subsequently coated exploiting a synthetic procedure for
TiO, nanoparticles reported by Buscaglia et al. [8] with minor
modifications. First, TiCly (0.7 ml) were added to the ice-cooled
solution of Fe304 nanoparticles in water (50 ml). Then, a perox-
otitanium complex was prepared by adding H,0; (30%, 1 ml) to the
above—mentioned Fe304/TiCly solution. The pH was hence
increased through the addition of aqueous ammonia (4.5 ml,
5.44 mol/L) and the solution was slowly heated to 95 °C and
maintained at this temperature for 5 h. Finally, the solution was let
cool down to room temperature and particles were washed and
collected by centrifugation. To increase the permittivity of the as-
synthesized particles, a calcination step at 450 °C for 6 h under
N, flow (10 ml/min) was performed.

Characterization: The NP morphology was characterized using a
Philips/FEI CM12 transmission electron microscope (TEM) at an
accelerating voltage of 120 kV. Typically, few drops of diluted NP
suspensions (in cyclohexane for Fe304 NP, in ethanol for Fe304@-
TiO, NP) were deposited on carbon filmed copper grids
(200 mesh, Plano GmbH). Fourier Transform Infrared (FTIR)
spectra were acquired using a Perkin Elmer Spectrum One MIR

(600—4000 cm~') with an attenuated total reflectance (ATR)
accessory. The spectra were acquired with 32 scans and a reso-
lution of 4 cm~'. Magnetization loops of Fe304@TiO, core—shell
NP in powder form were measured at T = 295 K by means of a
Vibrating Sample magnetometer (VSM) operating in the +15 kOe
field range and equipped with a liquid—N; continuous-flow
cryostat. X-ray powder diffraction (XRPD) data for qualitative
and quantitative phase analysis were collected using a Bragg—-
Brentano 60—260 diffractometer (Philips PW1729 PANalytical,
Netherlands) equipped with a gas proportional detector. The ra-
diation source was an X—ray tube with copper radiation (A Cu
Ky1 = 1.54059 A) and the anode tube load was 40 kV and 35 mA.
The samples were loaded on a quartz flat holder in order to have a
zero background. XRPD patterns, both for the phase composition
and the structural characterization, were collected at room tem-
perature in the 15—135° 20 range, with a scanning rate of
0.004°s~! and a step size of 0.02° 20. Preliminary qualitative phase
analyses were performed using the X'Pert High Score Plus soft-
ware (PANalytical, Netherlands). In order to determine the amor-
phous phase content of each powder, pure a-Fe;03 was chosen as
internal standard. Mixed samples were prepared diluting original
samples with 10 wt% of hematite. The internal standard hematite
(a-Fey03) was refined against the standard reference Si powder
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